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SUMMARY 

A study was conducted t o  evaluate the  r o l e s  o f  crack c losure  and micro- 
s t r u c t u r e  i n  the f a t i g u e  growth o f  sho r t  cracks. Tes t ing  was performed a t  R 
r a t i o s  o f  0.1, 0.5, and 0.7. A t  a l l  R r a t i o s  sho r t  cracks exh ib i t ed  acceler -  
a ted growth ra tes  i n  comparison t o  long cracks. I t  was concluded t h a t  crack 
c losure  could n o t  e n t i r e l y  account f o r  the accelerated growth ra tes  o f  shor t  
cracks. The accelerated growth ra tes  occurred over crack lengths on the order 
o f  g r a i n  s ize ,  suggesting a s t rong in f l uence  o f  m ic ros t ruc ture .  A s i g n i f i c a n t  
e f f e c t  o f  g r a i n  boundaries and inc lus ions  on sho r t  crack FCG behavior was 
observed. For very sho r t  crack lengths,  f a t i g u e  growth ra tes  do no t  appear t o  
be a func t i on  o f  e i t h e r  AK o r  R r a t i o .  
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INTRODUCTION 

Considerable e f f o r t  has been made r e c e n t l y  t o  exp la in  the  f a t i g u e  crack 
growth (FCG) behavior o f  sho r t  cracks.  I t - h a s  been recognized t h a t  sho r t  
cracks e x h t b i t  accelerated growth ra tes  which do n o t  conform w i th  p red ic t i ons  
made on the  bas is  o f  l i n e a r  e l a s t i c  f r a c t u r e  mechanics (LEFM) and long crack 
behavior. 

A number o f  hypotheses have been pos tu la ted  t o  account f o r  the  accelerated 
growth r a t e  o f  shor t  cracks.  Among these, the crack c losure  hypothesis has 
gained considerable a t t e n t i o n .  This hypothesis, based on the d i f f e r e n c e  i n  
c losure  l e v e l  between sho r t  and long cracks, was f i r s t  proposed by Broek 
( r e f .  1) and has been supported by others ( r e f s .  2 t o  5 ) .  The d r i v i n g  fo rce  
f o r  FCG i s  usua l l y  taken t o  be the app l ied  s t ress  i n t e n s i t y  range (AK) w i t h  

where Kmax and Kmin a re  respec t i ve l y  the  app l ied  maximum and minimum s t ress  
i n t e n s i t i e s .  However, E lber  ( r e f .  6) noted t h a t  crack surfaces can be closed 
over a considerable p o r t i o n  o f  the load cyc le.  
f o r c e  f o r  crack growth i s  an e f f e c t i v e  s t ress  i n t e n s i t y  (AKeff) def ined as 

He proposed t h a t  the d r i v i n g  

AKeff = Kmax - KCL (2) 

where KCL i s  the  h ighes t  s t ress  i n t e n s i t y  a t  which the  crack t i p  i s  c losed. 



I t  has been hypothesized t h a t  s u r e ' s t r e s s  increases w i th  the  inc reas ing  
wake o f  the  crack, and s ince sho r t  cks have l i m i t e d  wakes, the  amount of 
c losu re  o f  these cracks i s  severe ly  l i m i t e d  ( r e f s .  2 t o . 5 ) .  Compared t o  l a r g e  
cracks, the lower c losu re  l e v e l  of smal l  cracks r e s u l t s  i n  a l a r g e r  AKeff. 
The l a r g e r  AKeff produces the more r a p i d  FCG observed i n  smal l  cracks.  

o f  LEFM parameters t o  charac ter ize  sho r t  crack behavior.  I n  the sho r t  crack 
regime l o c a l i z e d  p l a s t i c  zone s i z e  can be on the order  o f  t he  crack length,  
thus undermining one o f  the  assumptions upon which LEFM parameters a re  based. 
Dowling ( r e f .  7 )  proposed the  use o f  t h e  e l a s t o - p l a s t i c  parameter AJ t o  char- 
a c t e r i z e  the  shor t  crack behavqor. Lankford and Davidson ( r e f .  8) suggested 
t h a t  crack t i p  s t r a i n s  might success fu l l y  c o r r e l a t e  sho r t  and long crack FCG 
data. 

Other i n v e s t i g a t o r s  ( r e f s .  7 t o  9) have questioned t h e  v a l i d i t y  o f  the  use 

Since the  sho r t  crack s izes can be comparable t o  the dimensions o f  micro-  
s t r u c t u r a l  features,  i t  has been suggested t h a t  these fea tures  may p lay  an 
impor tant  r o l e  i n  c o n t r o l l i n g  shor t  crack F C G  behavior. 
been shown t h a t  sho r t  crack FCG ra tes  slow down when approach.9-ng g r a i n  
boundaries ( r e f .  10) .  

The purpose o f  t h i s  i n v e s t i g a t i o n  was t o  evaluate some o f  the  hypotheses 
t h a t  have been proposed t o  account f o r  shor t  crack behavior.  To evaluate the  
c losure  hypothesis,  sho r t  and long crack t e s t i n g  was performed a t  var ious R 
r a t i o s  (Kmax/Kmin) ranging f r o m  0.1 t o  0.7. The r a t i o n a l e  was t h a t  a t  h igh  
enough R r a t i o s  the  crack t i p  would be open du r ing - the  e n t i r e  loading cyc le  
r e s u l t i n g  i n  AKeff t o  be equal t o  AK app l ied .  I n  t h i s  case, according t o  
the  c losure  hypothesis,  the  FCG ra tes  o f  both shor t  and long cracks should be 
equal. Since the v a l i d i t y  o f  the u4.e o f  LEFM parameters t o  charac ter ize  shor t  
crack behavior has been questioned, an at tempt was made t o  measure and cor re -  
l a t e  crack t i p  opening displacements ( C ' T O D ' s )  o e ' t h e  sho r t  cracks t o  t h e i r  FCG 
ra tes .  The b e n e f i t  o f  us ing CTOD's t o  charac ter ize  s r t  c'rack behavior,  i s  
t h a t  t he  CTOD i s  a measured va r iab le  d i r e c t l y  r e l a t e d  o the  s t r a i n  f i e l d  a t  
the crack t i p .  I n  addi t io 'n,  the e f f e c t  o f  m i c r o s t r u c t u r a l  fea tures  such as 
g r a i n  boundaries, g r a i n  s i z e  and inc lus ions  on shor t  crack behavior was 
evaluated. 

For example i t  has 

PROCkUURE 

A l l  long and sho r t  crack specimens, d e t a i l e d  i n  f r e  1, were machined 
Q 

f r o m  a 3.2 mm (0.125 .ih.) t h i c k  sheet o f  7075-1.6 aluminum w i t h  t e n s i l e  pro-  
p e r t i e s  as d e t a i l e d  i n  t a b l e  I. A l l  specimen thicknesses were those o f  the  as 
received sheet. The i n i t i a l  m ic ros t ruc tu re  i s  shown i n  f i g u r e  2. For the  long 
crack FCG s tud ies compact tens ion ( C T )  specimens shown i n  f i g u r e  l ( a ) ,  were 
used. The long crack t e s t s  were performed us ing  a c losed loop servohydraul ic  
f a t i g u e  machine. The test ing;was'done a t  R r a t i o s  o f  0.1, 0.5, and 0.7 i n  an 
ambient a i r  environment a t  40 Hz. A l l  t e s t i n g  and data a c q u i s i t i o n  was com- 
pu ter  c o n t r o l l e d  usingaa compliance method t o  cont inuously  moni tor  the crack 
length.  The precrack ing o f  the C T  specimens was performed w i t h  a f o l l o w i n g  
mod i f ied  load shedding technique. By. t h i s  technique specimens were i n i t i a l l y  
subjected t o  s t ress  i n t e n s i t y  ranges l a r g e  enough t o  i n i t i a t e  a crack.  A f t e r  
a growth o f  0.75 t o  1.00 mm (0.030 t o  0.040 i-n:), the  s t ress  i n t e n s i t y  was 
decreased by 15 t o  25 percent .  This process was repeated u n t i l  FCG ra tes  o f  a 
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2.5~10-10 m/c (1x10-8 in . /cyc le )  were achieved. The t e s t i n g  was r e s t a r t e d  
under a constant  load ampl i tude a t  t he  f i n a l  AK achieved du r ing  precracking. 
Only the  data obtained du r ing  the  inc reas ing  BK p o r t i o n  o f  t he  t e s t i n g  was 
used. Closure loads f o r  t h e  lower AK regime o f  t h e  da/dN p l o t  were measured 
f o r  t e s t s  performed a t  R r a t i o s  o f  0.1 and 0.7. The c losure  loads were de ter -  
mined from load displacement curves. The c losure  load was taken t o  be the  
f i r s t  d e v i a t i o n  f rom l i n e a r i t y  du r ing  the  unloading p o r t i o n  o f  t h e  load d i s -  
placement curve. 

Short  crack FCG t e s t s  were performed us ing  a s i n g l e  edge notch (SEN) 
specimen d e t a i l e d  i n  f i g u r e  l ( b ) .  The edges o f  the  notches were deburred. The 
notch surfaces were mechanical ly po l i shed us ing  p o l i s h i n g  paper and diamond 
pastes. The f i n a l  p o l i s h i n g  w i t h  0.5 pm diamond paste was i n  a tangen t ia l  
d i r e c t i o n  t o  the  notch t o  prevent scratches i n  the  th ickness d i r e c t i o n .  
t o  t e s t i n g ,  t he  notch sur face was l i g h t l y  etched us ing  K e l l e r s  reagent t o  
revea l  the  m ic ros t ruc tu re  and remove any c o l d  worked laye rs  which may have 
resu l ted  f rom po l i sh ing .  Dup l ica te  SEN specimens were tes ted  us ing  R r a t i o s  
i d e n t i c a l  t o  those o f  the  CT specimens. The loads used i n  the constant load 
ampl i tude t e s t s  a re  shown i n  t a b l e  11. 
a t  a frequency o f  10 Hz (prev ious t e s t i n g  o f  t h i s  a l l o y  i n  our labora tory  
showed the FCG ra tes  t o  be independent o f  frequency i n  the  range o f  10 t o  
40 Hz). l h e  crack length  was monitored us ing a r e p l i c a t i o n  method. Acetate 
r e p l i c a s  were taken a t  1000 cyc le  i n t e r v a l s .  While t a k i n g  rep l i cas ,  t h e  
specimen was loaded t o  t he  maximum load so t h a t  C l O D  could a l so  be measured. 
The r e p l i c a s  were then coated w i t h  an approximately 400 A sput tered Au a l l o y  
and photographed i n  a scanning e lec t ron  microscope (SEM) t o  ob ta in  crack length  
measurements. I n  order t o  avoid damage t o  the  r e p l i c a s  f rom excessive heat ing,  
a l l  the  photomicrographs were obtained under a 10 kV app l ied  p o t e n t i a l .  The 
s t ress  i n t e n s i t y  values were determined from a s o l u t i o n  der ived by Swain and 
Newman ( r e f .  11) f o r  a s e m i - e l l i p t i c a l  sur face crack loca ted  a t  the center  o f  
a semi -c i rcu la r  notch. 

P r i o r  

The sho r t  crack t e s t i n g  was performed 

RESULTS AND DISCUSSION 

Long Cracks 

The long crack FCG t e s t  r e s u l t s  a t  R r a t l o s  o f  0.1, 0.5, and 0.7 a re  shown 
i n  f i g u r e  3. A l l  the  data shown i n  t h i s  f i g u r e ,  i n c l u d i n g  near th resho ld  data, 
was obtained by performing constant load ampl l tude t e s t i n g .  This type o f  t e s t -  
i n g  r e s u l t s  i n  an increase i n  AK w i t h  an increase i n  crack length.  I t  i s  
more common t o  ob ta in  near threshold regime data by performing a load shedding 
type o f  a t e s t .  However Newman ( r e f .  3) and James e t  a l .  ( r e f .  12) have shown 
recen t l y  t h a t  FCG data obtained by load shedding might  be subject  t o  increased 
crack c losure  e f f e c t s .  To avoid any such problems, on ly  inc reas ing  BK t e s t -  
i n g  was performed. The long crack data shown i n  f i g u r e  3 f o l l ows  the  t y p i c a l l y  
observed t rends.  The FCG ra tes  increase and the th resho ld  s t ress  i n t e n s i t y  
range decreases w i t h  an increase i n  the  R r a t i o .  A number o f  i n v e s t i g a t o r s  
( r e f s .  13 t o  15) have suggested t h a t  t he  increase i n  FCG ra tes  w i t h  an increase 
i n  the R r a t i o  i n  the  near threshold regime i s  due t o  the  d i f f e r e n c e  i n  crack 
c losure  f o r  the  var ious R r a t i o s .  Thus, i f  the  FCG data was p l o t t e d  versus 
BKeff, a l l  the  data should co l lapse on one curve. Even though the  eva lua t ion  
o f  t h i s  hypothesis was n o t  i n  the o r i g i n a l  scope o f  t h i s  work, t he  eva lua t ion  
o f  the  hypothesis was performed s ince the  data was r e a d i l y  ava i l ab le .  Crack 
c losure  readings were obtained f o r  t e s t s  performed a t  R r a t i o s  o f  0.1 and 0.7. 
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The measured KCL readings a re  shown i n  tab le -111.  As  seen there,  f o r  t e s t s  
performed a t  an R r a t i o  o f  0.7 no crack c losu re  was observed, i n d i c a t i n g  t h a t  
t he  c losure  l e v e l  was below t h a t  of t he  minimum app l i ed  s t ress  i n t e n s i t y ,  
a t  an R o f  0.7 the  AK app l ied  was always equal t o  AKeff. A comparison of. 
t he  FCG ra tes  f o r  t he  two R r a t i o s  i n  terms o f  both AK app l ied  and AKeff i s  
shown i n  t a b l e  I V .  I f  the  dat,a i s  ,compared i n  terms o f  AK app l ied  then there  
i s  a f a c t o r  o f  two between the  FCG ra tes  a t  t he  two R r a t i o s .  
i s  an exce l l en t  agreement o f  the  two FCG ra tes  i n  terms o f  This  r e s u l t  
adds f u r t h e r  support  t o  the  Idea t h a t  t he  d i f f e rences  i n  FCG ra tes  i n  the  near 
th resho ld , reg ion  a re  due t o  d i f f e rences  i n  crack c losure.  

Thus 

However, there  
AKeff. 

Short  Cracks 

A l l  the f a t i g u e  cracks observed i n  the  SEN specimens i n i t i a t e d  a t  b r i t t l e  
i n t e r m e t a l l i c  i nc lus ions .  Examples o f  such i n i t i a t i o a  s i t e s  a re  shown i n  
f i g u r e  4. The role  o f  i nc lus ions  i n  crack i n i t i a t i o n  came i n t o  focus when a 
somewhat overetched specimen was tested.  No crack i n i t i a t i o n  was observed i n  
t h i s  specimen, even though the  specimen was subjected t o  f i v e  times the  number 
o f  f a t i g u e  cyc les requ i red  t o  cause f a i l u r e  i n  a l i g h t l y  etched specimen under 
s imZlar loading cond i t ions .  B r i t t l e  i n t e r m e t a l l i c  i nc lus ions  have been shown 
( r e f .  16)  t o  e t ch  ou t  p r e f e r e n t i a l l y  w i t h  respect  t o  o ther  m i c r o s t r u c t u r a l  
fea tures ,  thus the  absence o f  these inc lus ions  resu l ted  i n  a lack  o f  i n i t i a t i o n  
s i t e s .  Fat igue cracks as smal l  as 5 t o  10 pm i n  l eng th  (2(a) i n  f i g .  l ( b ) ) ,  
i n i t i a t i n g  f rom the  above mentioned inc lus ions ,  could be resolved by the 
r e p l i c a t i o n  technique. 

l h e  measured shor t  crack FCG ra tes  a t  R r a t i o s  o f  0.1, 0.5, and 0.7 a re  
shown respec t i ve l y  i n  f i g u r e s  5 t o  7. 
data f o r  the s i m i l a r  R r a t i o  i s  a l s o  shown i n  each o f  these f i gu res .  A pro- 
nounced shor t  crack behavior was-observed a t  a l l  R r a t i o s  evaluated. Thus 
sho r t  cracks were again found t o  propagate f a s t e r  than long cracks a t  s l m i l a r  
app l i ed  AK. Though no th resho ld  s t ress  i n t e n s i t i e s  f o r  t he  long cracks were 
measured, i t  i s  apparent f r o m  the  data t rends shown i n  f i g u r e s  5 t o  7 t h a t  the 
sho r t  cracks f o r  a l l  R r a t i o s  propagate a t  s t ress  i n t e n s i t i e s  below those o f  
the  th resho ld  s t ress  i n t e n s i t i e s  o f  long cracks.  I t  should be noted t h a t  the 
use o f  the r e p l i c a t i o n  technique al lowed measurements o f  the  FCG ra tes  on ly  i n  
the  through the  th ickness d i r e c t i o n  f o r  the  SEN specimen w h i l e  the  FCG ra tes  
o f  long cracks were obtained i n  the long t ransverse d i r e c t i o n .  However, Swain 
and Newman ( r e f .  11) us ing a s i m i l a r  specimen have shown t h a t  f o r  another 
aluminum a l l o y  the  crack propagat ion ra tes  i n  both d i r e c t i o n s  were equiva lent .  

For comparison purposes, t he  long crack 

A considerable amount o f  data sca t te r  was found t o  occur f o r  some speci-  
mens, w h i l e  o thers revealed considerably less .  For comparison, r e s u l t s  o f  t t i e  
t w o  R = 0.7 specimens,tested under i d e n t i c a l  load ing  cond i t ions  are  shown i n  
f i g u r e s  8(a) and 9(a) .  A number o f  f a c t o r s  were found t o  account f o r  the data 
s c a t t e r .  One f a c t o r  i s  the  jaggedness o r  t o r t u o s i t y  o f  the  crack path. The 
respec t ive  crack paths o f  the  two specimens showing d i f f e r e n t  degrees o f  data 
s c a t t e r  a re  shown i n  f i g u r e s  8(b) and 9(b) .  The r e l a t i v e l y  s t r a i g h t  crack pa th  
o f  the  specimen shown i n  f i g u r e  8 resu l ted  i n  l i t t l e  data s c a t t e r  w h i l e  the  
opposi te  i s  t r u e  f o r  the jagged crack path specimen ( f i g .  9 (b ) ) .  The s t ress  
i n t e n s i t y  ca l cu la t i ons  used f o r  data reduc t ion  were based on ly  on a Mode I 
s,olut ion and no Mode I1 component o f  the  s t ress  i n t e n s i t y  f a c t o r  was taken i n t o  
account. I n  add i t i on ,  the crack length  was measured as the  p r o j e c t i o n  o f  the  
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crack on t o  an imaginary plane perpendicu lar  t o  t h e  load ing  d i r e c t i o n  and n o t  
t he  ac tua l  d is tance the  crack propagated. 
i n f l u e n c e  the  sho r t  crack FCG data. 

Obviously these two f a c t o r s  can 

Two m i c r o s t r u c t u r a l  features were found t o  i n f l u e n c e  the  crack t o r t u o s i t y .  
Crack growth d i r e c t i o n  o f t e n  changed a t  g r a i n  boundaries as shown i n  f i g u r e  10. 
This  behavior i s  probably due t o  the  d i f f e rence  i n  c r y s t a l l o g r a p h i c  o r i e n t a t i o n  
o f  the  two neighbor ing gra ins .  
p r e f e r e n t i a l l y  f o l l o w  b r i t t l e  i n t e r m e t a l l i c  i nc lus ions .  The observed process 
under which such crack d e f l e c t i o n  occurred consis ted f i r s t  o f  f r a c t u r e  o f  the 
i n t e r m e t a l l i c  i n c l u s i o n  immediately ahead o f  the  crack t i p ,  fo l lowed by crack 
propagat ion toward the  broken i n c l u s i o n  and f i n a l l y  by u n i f i c a t i o n  o f  the  two 
cracks.  An example o f  the  process i s  shown i n  f i g u r e  11. 

Also cracks were found t o  change d i r e c t i o n  and 

The r e s u l t s  obtained i n  the  study can be used t o  evaluate the  c losure  
hypothesis.  As mentioned e a r l i e r ,  no crack c losure  was detected f o r  t he  long 
crack specimen tes ted  a t  R r a t i o  o f  0.7. Thus a t  t h i s  R r a t i o ,  the  AKeff i s  
equal t o  the  app l i ed  AK and the FCG ra tes  o f  both the  sho r t  and long cracks 
should be equal i f  d i f f e rences  i n  c losure  account e n t i r e l y  f o r  the  sho r t  crack 
behavior.  However, as seen i n  f i g u r e  7, a t  t h i s  R r a t i o  a pronounced shor t  
crack e f f e c t  i s  present.  This i nd i ca tes  t h a t  the d i f f e r e n c e  i n  c losure  s t ress  
i n t e n s i t y  between the long and shor t  cracks i s  inadequate t o  exp la in  sho r t  
crack behavior.  The data a t  a r e l a t i v e l y  h igh  R r a t i o  o f  0.5 where c losure  
e f f e c t s  a re  a l s o  probably minimal, shows the  same t rend  and f u r t h e r  corrobo- 
ra tes  the  above conclusion. 

A compi la t ion  o f  a l l  the shor t  crack data obtained i n  the present study 
reveals  some i n t e r e s t i n g  t rends. As shown i n  f i g u r e  12, the  data f i t s  i n t o  t w o  
d i s t i n c t  regions marked i n  the  f i g u r e  by separate bands. The f i r s t  band i s  o f  
cons iderable i n t e r e s t  s ince i t  conta ins the  g rea t  m a j o r i t y  o f  the  data po in ts  
e x h i b i t i n g  sho r t  crack behavior.  I t  i s  i n t e r e s t i n g  t o  no te  t h a t  i n  t h i s  band 
the  average FCG r a t e  remains constant as BK increases. Thus sho r t  crack 
FCG behavior appears n o t  t o  be a f u n c t i o n  o f  e i t h e r  the  s t ress  i n t e n s i t y  o r  the  
R r a t i o ,  i n  d i r e c t  c o n f l i c t  w i t h  observed long crack behavior. This behavior 
suggests t h a t  AK might  be an inappropr ia te  parameter t o  c o r r e l a t e  the  growth 
o f  shor t  cracks.  The data po in ts  present i n  the second reg ion  represent  some- 
what longer crack lengths and they tend t o  f o l l o w  es tab l i shed LEFM trends and 
c o r r e l a t e  w e l l  w i th  the  long crack data base when the  data i n  f i g u r e s  3 and 12 
a re  compared. 

The approximate ha l f - c rack  lengths (va lue  o f  a i n  f i g .  l ( b ) )  a t  which 
sho r t  and long crack FCG ra tes  converge were ca l cu la ted  f o r  a l l  R r a t i o s  and 
a re  shown i n  t a b l e  V. For  a l l  R r a t i o s  evaluated, t he  crack lengths a t  which 
sho r t  and long crack data converged a re  approximately the  same and are  i n  the  
order o f  30 t o  40 pm. I t  should be po in ted  out  t h a t  the  above crack lengths 
i nc lude  the  w id th  o f  the  i n i t i a l  f r ac tu red  i n c l u s i o n  ( 5  t o  10 pin). Thus the  
pronounced shor t  crack FCG behavior occurs du r ing  the  f i r s t  20 t o  35 pm o f  
s tab le  crack growth. 
th ickness o f  the pancaked shaped gra ins)  shown i n  f i g u r e  2, i s  i n  the  order o f  
10 t o  40 pm and thus approximately equal t o  the  crack length  under which 
sho r t  crack behavior occurs. This po in ts  t o  a poss ib le  s t rong in f l uence  o f  
m ic ros t ruc ture ,  and i n  p a r t i c u l a r  g r a i n  s i z e ,  on the  behavior o f  sho r t  cracks.  
This conclus ion i s  supported by the  work o f  Lankford ( r e f .  17) and Brown e t  a l .  
( r e f .  18) who showed t h a t  the shor t  crack behavior becomes more pronounced as 
g r a i n  s izes increases. 

I t  i s  very i n t e r e s t i n g  t o  no te  t h a t  the g r a i n  s i r e  ( i ,e . ,  
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An attempt was"made to  correlate the short crack CTOD's w i t h  the short 
crack FCG data. Unfortunately, due t o  the tearing of the acetate  tape on the 
edges o f  the open cracks, i t  was impossible t o  obtain rel iable  measurements of 
the CTOD's needed t o  make the correlation. Further e f fo r t s  i n  t h i s  area are  
continuing. 

CONCLUSIONS 

1.  A t  R ra t ios 'of  0.1, 0.5, and 0.7, short cracks propagated a t  higher FCG 
rates than long cracks a t  equivalent s t ress  in tens i t ies .  Also, a t  a l l  R 
r a t ios ,  short cracks propagated a t  s t ress  intensi t ies  below the threshold 
s t ress  intensi t ies  o f  long cracks. 

2. Differences i n  crack closure between short and long cracks could n o t  
account entirely '  for the accelerated FCG rates of short cracks. 

3. I n  the regfon where hort crack FCG rates were higher than those o f  long 
o r t  cracks appeared t o  be independent of the applied cracks, the FCG rafes of 

AK or the R 

rates converged were 30 t o  40 pm. 
grain s ize  o f  the alloy and suggest strong influence o f  microstructure on 
behavior of short cracks. 

4 .  The half-crack lengths of short cracks a t  w h i c h  short and long crack FCG 
These crack lengths corresponded t o  the 

5. Due t o  experimental problems, i t  was n o t  possible t o  correlate CTOD.'s t o  
short crack FCG rates.  
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TABLE I .  - TENSILE PROPERTIES - 7075 - T6 

I 

O r  i enta t i on 

N l b  N l b  

Longitudinal 
Long transverse 

TABLE 1 1 .  - LOADS USED IN SHORT 

CRACK TESTING 

R Max load 1 Min load 

TABLE 111. - CRACK CLOSURE STRESS 

INTliNSITIES O F  LONG CRACKS 

R = 0.1 R = 0.7 1 I 

a K ~ ~  < Kmin, no actual value o f  KCL 
was determined since i t  would have 
required applying loads below Kmln 
which are known t o  a f f e c t  subsequent 
FCG rates.  

bNot measured. 



TABLE I V .  - COMPARISON OF FCG RATES IN TERMS OF A P P L I E D  

R 

0.1 

0.7 

0.7 

'max 

MPafi, 

k s i f i .  

3.49 
(3.17) 

7 . 8  
(7.09) 

10.47 
9.52 

AK and h K e f f  

R 

0.1 

0.5 

0.7 

M P a G ,  

k s 1 6 .  

0.35 
(0.32) 

5.46 
(4.96) 

7.33 
(6.66) 

Crack length ( a )  
lJm t 

( " i n . )  

37 
(0.001 5) 

30 
(0.001 2 )  

37 
(0.001 5) 

MPafi, 

ks illif;. 
1.15 

(1.04) 

( a )  

(a )  

AK A p p l i e d  

M P a  6 
ks ifi. 

3.14 
(2.85) 

2.34 
(2.13) 

3.14 
(2.85) 

"Kef f 

M P a  6, 
ks m. 

2.34 
(2.13) 

2.34 
(2.13) 

3.14 
(2.85) 

TABLE V.  - APPROXIMAT€ HALF-CRACK 

L E N G l H S  OF SHORT CRACKS AT 

CONV€RGENCE OF FCG R A T E S  

da/dN 

m/cycle, 
i n .  /cycle  

3.1 xl0-9 

3x1 0-9 

6x1 0-9 

( 1  .ZXI 0-7) 

( i . 2 ~ 1 0 - 7 )  

( 2 . 4 ~ 1 0 - 7 )  
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Figure 1. - Test specimens. 
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Figure 2. - 7075-T6 Microstructure. 
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Figure 3. - Long crack test results. 



(a) Notch surface. 

(b) Fracture surface. 

Figure 4. - Examples of crack init iat ion at inclusions. 



Figure 5. - Short and lonq crack qrowth rates at 
R ratio of 0.1. 
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Figure 6. - Short and long crack qrowt h rates at  
R rat io of 0.5. 
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Figure 7. - Short and lonq crack growth rates at 
R ratio of 47. 
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Figure 8. - Growth rates associated with a 
straiqht shqrt crack profile. 
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Figure 10. - 1 nfluence of gra in  boundaries on the  crack path. 
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(a) 13 000 cycles. 
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Figure 11. - Inf luence on crack path by inclusions 
ahead of crack tip. 
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